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SUMMARY

Experimental results are given on the energy spectrum of nuclear-
active particles in the region 3 1012~ 10" eV at the 3860 meter alti-
tude above sea level, zlongside with data on extensive air showers
accompanying them. The energy spectrum cannot be described by a power
function with a single exponent in the entire region considered. The
mean free paths for absorption and interactionof nucleons in the atmo~
sphere are determined., For particle energies above 1013 eV they are
equal to 120 g/cm® and 83 g/cm‘?' respectively. An analysis of the distribu-
tion of extensive air showers, accompanying nuclear-active particles with
energies >3 . 1012

indicates that the character of the elementary interaction act changes
13
eV.

eV with respect to the total number of particles

for nucleons with energies higher than 10

*
* [

Investigations of extensive air showers of cosmic radiation
have shown [1], that their utilization for the study of collision pro-
cesses of particles with energy > 1013 eV requires inescapably detailed

measurements of the structure and composition of the air-shower core.

* YADERNO AKTIVNYYE CHASTITSY VYSOKOY ENERGII IS SOPROVOZHDAYUSHCHIYE
IXH SIIROKIYE ATMOSFERNYYE LIVNI KOSMICHESKOGO IZLUCHENIYA




On the other hand, observations of nuclear-active particles

with energy > 1013

eV in the atmosphere denth with the aid of ionization
chambers are linked in an overwhelming number of cases with the simulta-
neous registration of air showers, attending these particles. Therefore,

two different approaches to the study
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reduced to a single experiment setup. \
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results of such type measurements, cou _ 4Zb TR AT 0 rw 7y
pleted at the altitude of 3860 meters R el

above the sea level. Two series of
Fig, 1. ~ Detector of nuclear-
active particles and electron
thick carbon layer inside the cavity photon avalanches of high

formed by the lead, shielding it, energy

are schematically indicated in the installation of Fig. 1. These cham-

ionigation chambers, placed under a

bers were designed for the recistration of hirgh-energy nuclear-active
rarticles. Two more series of ionization chambers were disposed above

the carbon under a relatively thin layer of lead for the measurement of
the electron-photon couponent of the air-shower core. Hodoscopic counters
were utilized for the determination of the number of particles in exten-
sive air showers; they were disposed directly avove the block of ioniza-
tion chaibers, as well as at a distance of 30 meters from the center of

the installcztion., The totsl number of hodoscopic counters was 14k,

l. Electron~Fhoton Component of the Core of
Extensive Air Showers

In order to verify the connection bejween the energy of the elec-
core
tro~photon component of the core (:Bel-ph ) and the number of particles

EN

in tre srower (N), we delermined these quantities for every air shower,

whose axis vassed throuih the area covered by the ionization chambers **
ant wnose erersy of the electron-vholon component of the core exceeded

3
101‘ eV.

** The cuzcs of slower axis pessing taroush tle area covered by ionization

clarmiers were cuoien a
zaticn in the ~itambers ¢f uper scvies,
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The spectrum of registered showers by the number of particles,
of which the energy of the electron-photon
component of the core exceeds Il.Ol:L eV, is
plotted in Fig., 2. - Presented in the same

Fig., 2 1is also the spectrum of extensive

S

-3

INTENSITY OF Showets, puct =/
-~

atmosphere showers constructed according
to data, available in literature for our

observation altitude [1]. Comparison of

~

3

these spectra shows that the form of the
spectrum and the frequency of showers
with a number of particles > 2 . 101"
coincide with [1]., Hence it follows that

Q'
~N

in each shower with a number of particles 0 ! !

. L 19° Mo " w

& 2 -107 the energy of the electron=- Number of parhieles in e Showcs

photon component of the core (in a circle Fig. 2. = Integral svectrum
11 . _ of showers by the number of

of 2m radius) exceeds 101 eV, which con particles, of which the ener-

stitutes no less than 2 percent of the gy of the electron-qimponent

of the core is > 101+ eV,
(lower curve) and the integral
electron~-photon of showers with a number spectrum of showers according

Y to the number of particles
of vparticles of 2 *10 "mupnitude. The after ref, [1] (upper curve).

mean value of the total energy of the

mean value of the energy of electron~
photon component in cores of registered showers is substantially greater
and for showers with a number of particles from 2 '104 to 1 °106:it consti-
tutes 15 percent of the mean total energy of shower's electron-photon com-
vonent. In some parts of showers the energy of the electron-photon component
of the core exceeds the mean value of the total energy of the shower's
electron-photon component. This points to the existence of great fluctuations
in the development of showers observed at heights of mountains.

In connection with this, comparison was conducted between our experi-
mental data and the computations of ref, [3], into the basis of which a
model of shower development, assuming large fluctuations on account of
transfer in a single event of all the energy of a nucleon to one or several

% -mesons, was postulated.




. . . . N core .
The experimental distribution of the value of E,, ph /N in showers

with particles nuumbering 104 - 105, and also tihe computed distribution

A

for eleciron-photon showers with particles numbering 10 and 105, are

plotted in Fig., 3 (see ref., [3]).

04
L r- —aenf
4 !
)
|
. :
LY
1S 1
~ §02_
£ 8 . !
4 % ' |
+ : |
K] . !
Y |
~ -4 -
&
'r-d
7 ‘ 1
¢ 0’ "

I Iebd //Y',' [3';5/” K/
’

€ nn
/

Fir, 3, = Distribution of showers according to the
energy of the electron-photon component of the core
ES ./ K, correspondin; to one elegtron of the shower:
1 — experimental data fg_r N= 10" =103 2 ~ compu=-
ted data [3] for N = 10'; 3 — same for N = 105,

In the computation of ref, [3], the energy of electrons and photons
with energy > 109 eV, moving near the axis of the shower, was taken for the
value of Eilc.f;h. . the distributions of Ed“;: /N have « similar form, but
differ by their absolute values: the experimental values of EUZT’;;’./N are,
as an average, substantially smaller than the computed. Such a discrepancy
points unilaterally to the fact, that most of extensive showers could not
be formed by primary protons by way of transfer of a substantial fraction
of enerpy of the generating particle to one or several n° —mesons.

*
* *




2. Avalanches formed by Nuclear-ictive Farticles
in the Substance of the Setup

In order to determine the energy spectrum of the nuclear-active
particles by the ionization, observed in the lower series of our instal-
lztion, it is necessary to convert the ionization bursts to the total
number of elecirons in the avalanche, passing through the cavity in Pb,
and to link the number of electirons in the avalanche with the energy of
the nuclear-active particle hitting the installation. The solution of the
first problem, linked with the accounting of the angular distribution of
electrons in the avalanche, is made more difficult by the fact, that in a
series of cases two or more particles hit simultaneously the area of the
installation. The transitional effects are absent on account of application
of polyethylene chambers, The angular disiribution of electrons in the
avalanche was so chosen, that the best agreement be obtained between the
relative values of ionization in the chambers situated at various distances
from the axis of the avalanche., The cases, selected for analysis, by the
data o: hodoscopes nad no accompaniment in the air, and that is why they
could be viewed as cases of single hits of nuclear-active particles upon
the installction. The angular distributions, utilized for the analysis, may
aprroximately be characterized as follows. A direct particle flux emerges from
one point of the upver Pb layer of the cavity and is divided into an isotropic
part of a (a ==1.0,0.66,0.50 or 0.33 of the number of particles of direct
flux) and into a part of electrons uoving parallelwise to avalanche axis.
The inverse flux was considered as isotropically emitted from the lower

surface of Pb, proportionally to tie direet flux of electrons, incident

the inverse flux was assumed to be equal to the ionization of the direct
flux [4]. The results of comparison of the calculation with the experiment
are plotted in Fig., 4. Subsequently, we shall admit the angular distribution
of particles, at which half of particles in the direct flux is distributed
isotropically.

ilesting upon the chosen angular distribution, one may link the
total number oi electrons in the electron-nuclear avalanche (Nel_n);djh

the argregate ionization in the whole series of ionization chambers (Ii)

* [Subsecuently, in foruulas we shall keep the original Russian denotation
for Nej-n, which is N, ]



or with the icnization burst Io in the chamber, through which passes the
axis of the avalanche and which registers the greatest ionization in the

given event. \le may also link the frequency

7/
of ionization bursts vi:(> 1), observed in

each of the serurate chambers independent-
ly, with the number of avalanches, the axes
of which hit one of the chambers of the
series v(>I). VWithout taking into account
the simultaneous hitting of the installation

)
y

by several nuclear-active particles, we
obtain for tne same events: I:/[h =285
ané vi(>D/v(>15L) =19 for events in which

I = Iy. In the exveriment the respective

R‘fd/l-yt J&‘?ula}‘"}n

ocuantities are equal to 3.3 and 2,15. Taking

g

3 wmler #b Chaber cernlted
to take into account the cases of nuclear- Wemler fflm.. ,u e anis

advantage of this difference we shall attempt

active particles hitting the installation by Fig. 4. ~ Distribution of
ionization in polyethylene
chambers disposed in a Pb
of two avalanches is observed, which differs cavity, at different share
a of direct flux particles
energing from Pb as isotro-
5 — mx), pically scattered (1 - a
vi(>1) L9v(> L) (1 + 1/ m") particles of direct flux
moving along the axis of
the zvalanche) :

trum of ionization bursts, ani Iy = 285l(141/m). I—a=1; 2—a=—1066 3—q=
== 050; 4—a = 0,33

groups, Assume that a simultaneous appearance

from one another by m times; then,

where A is the index of the inte;ral spec-

It is obtained experimentally that

vi(>1) [v(> 1) =191 4+ 1/ m*) = 2,15,
Is /1y =285(1+1/m) = 33.

The solution of these equations gives [ =0.,28 and m = 1.7. A direct

calculation of the fraction of groip bursts has led to the valuel = 0,29 =+ 0,02.

Finally, utilizing the selected angular distribution of electrons in the
avalanche and the values found for [ and m, we obtained the following
correlations between the ionization bursts and the values of electron-photon

avalanches in the P% cavity of the installation :

Nel_n = 5‘1 hd 105 IO‘ H Nel-n = 105“‘ b 105 I H Iel_n = 3.08 4 105 I .



vie plotted in Fig. 5 the integral spectra of avalanches for the
third and fourth series from separate nuclear-active particles, superposed
with the aid of the atove correlations. If we utilize the exponential form

of aprroximation of spectra

v(> Nap) = A(Nog [ 10¢)—,

we shall have for third series of chambers

4=0,10040,002, ®x =1,5140,00  «t 310" Non <5-10%,
A= 034001, %=2240,2 at Ny > 5-10%;

and for the fourth

A4 :=0,046 £0,004, x = 1,494 0,06 af 3-10°<NoyL4-10
A4=0124004 %x=22402 Wt Non > 4-10%

The variation of the integral spectrum of avalanches, caused BY nuclear-
active particles in the ionization interval corresponding to the passage

of (4 = 6)-10h're1ativistic particles, was already noted in certain works
(2, 5, 6]. However, no unique opinion on this question has heretofore

been asserted. In particular, the opinion was advanced in the work (7],
that such a variation of the svectrum is absent. Theresults of the work {7]
were corpared with our data of Fig. 5, 6 . For comparison, data of the work
[?] were utilized, in particular those related to spectra by groups from
three chembers in series which are located under the equivalent Pb layers.
As mey be seen in the Fig. 5 ( next vpage), the data practically coincide.
The index of spectrum inclination, determined with the help of an electronic
computer by the same method as in the case of processing of our own data,
was found to be egual to * = 1,48 X 0,05. The consolidation of our data
with those of work [7] allows to make more precise the value of the index
of the spectrum of ionization bursts after break: x =2,18 X 0,11.

Aside from the total spectrum of avalanches, we constructed, accord-
ine our data, tie spectrum of avalanches vbg,not attended by the shower in
air above the installation, registered by our apparatus. The minimum observed
vclue of the shower constitutes 300 particles for a cascade parazmeter of the

shower in the air, s £ l.3. Such cases, without accompaniment, may be

interpreted as cases of primary protons passing through the atmosphere




without interaction. The conversion from the ionizat'ionb observed in sepa-
rate chambers, or from aggregate ionization, to the number of particles
in the avalanche passing through the third and the fourth series of cham-
bers, is effected in this case without taking into account the cases of
simultaneous hittings of the installationby two or more particles. The
spectrﬁm may be expressed in the form

Vor (= Now) = (2,7 == 0,5) - 10~3(Non / 10%) 19 £ 02 put. iE
for the third series of chambers, and
Voa (> Non) = (4,3 = 0,4) - 107 (Non [ 10¢) 719% 02 puat. = -2

for the fourth series at 4103 << Ny << 4-104
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Fir. 5. - Integral spectra of avalanches, caused by separate nuclear-active
particles in the third (a) and fourth (¢) series of ionization chambers,
obtained as a result of conversion: @ from maximum in the series of bursts
Iy A\ -from bursts in separate chambers I:i.' {(J-from aggregate bursts by
series, Ig: 6-integral spectra of avalconches, caused by nuclear-active
particles:. 1 — with reference to [7]; 2~ with reference to Lél.
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3. Energy Spectrum of lNuclear-ictive Particles

For the determination of the energy spectrum of nuclear-active
particles by the spectirum of observed avalanches we utilized the method
described in the work [8]. Assume, that the energy spectrum of nuclear-acti-
ve particles has at the observation height an exponential character Be Vdy,
where y=—n (£/10%?). The nuclear-active varticle, hitting the absorber,
forms in it an electron-nuclear avalanche. Assume that the mean number of
particles in such an avalanche, (N,) at detector depth x being linked
with the energy of the nuclear-uctive particle E by the correlation

Noa(E, z) = D(x) (E]10')%®,
which takes in logarithmic coordinates the form
2y = In Vyu(E,z) =1In D+ sy.
If the distribution of avalanches by 2z = In\Ny at delector depth x is
known from the nucelar-active particles of specific energy
y— Wiz, y,z)ds = W(z — zy,x)dz, -

we may find the differential snectrum of avalanches at the same depth x

from all the nuclear-active particles incident upon the detector :

+%
v(z,z)d: = (IzS W(z—2z,z)Bevdy =

—00

== fR)Vis g—~vils Jll(z)dz/s,
where
rdoo
M (.t) = g Wiz —z, x)e~VG-z)s d(z — )

-0
is a constant value for the given x. The obtained intecsrazl spectrum
; B .
V(> N, r)=" D*MNyg*
Y

may be compared with the exverimentally observed specirum
v(> N,1) = A(Non [ 10%4) %
and the values B and Y, cheracterizing the energy spectrum of nuclear-

active particles at the Pamir height can thus be found:



1o,

—? =D*M1A4-10%, y=1=us.
Y

The values of Dy, s and M depend upon the assumptions, at which the
avalanche spectrum is computed from the nuclear-active particle of the
given energcy W (z,y, x) ds.

The calculation of W (z,y, x) dz is comducted by Monte-Carlo
method in several variants.

In the first variant it was assumed that :

1) the fraction of energy, preserved by the nucleon at interaction
with the carbon nucleus is equal to Xo = 0.7, and with the Pb nucleus -~
O pp = O .

2) at interaction of secondary X~ -mesons with the Pb and €
nuclei, the nonelasticity factor is equal to 1;

3) a third of energy, transferredto mesons, is carried away by

x°

interval E,n.<E <Ex where Er is the aggregate energy of all the

-mesons, which create the spectrum of photons dE / E2 in the energy

N C=~ mesons of a single event.

The second variant differed from the first only by the fact, that
the fraction of energy, preserved by the nucleon at interaction with the
Pb nucleus was taken equal to 0.5 and not zero. In the tiird variant it
was adcitionally aisumed that in 30 percent of nucleon interaction events,
deternined by the method of random tests, all the energy of the n O~ compo-~
nent is carried by a single photon.

The locations of nuclear interactions of incident nucleons were
found by the Monte-Carlo method. From every interaction event there emerged
an electron~nuciear avalaanchs, which was developed in the detector and
partially reached the third and the fourth series of ionization chambers.
For simplicity ané practical purposes we considered separately each ava-
lancke from by the decay of n° <mesons of the same event, which were com-
puted by the method of consecutive generations.

If the interaction took place in the graphite, the aggregate number
of racdiation units was tzken into account from the place of interaction
to the levels of the third or fourth series of ionization chambers. For the
calculation of avalanch~s from XX -mesons we utilized the cascade
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curves of the work [9] for the spectrum of photons or of a single photon,
depending upon the character of the event, To take into account the avalan-
ches from f° -~ mesons, we constructed the nuclear-cascade curve for graphite,
from which we found the fraction of energy transferred by the charged mesons
to the electron-vhoton avalanche from the place of their formation to the

level of observations; then, the magnitude of the avalanche, at the depth

required by us, was determined from the curve of the photon spectrum of [9].

The computation of avalanches, generated in the upper Pb, differs
from the others only by the accounting of the transitional effect Pb - gra-
phite.

:-11 the avalancies, linked with one and the same primary particle,
were summed up a~ong tlhexselves at the depth of the third and fourth series
of ionization cha:bers. Then, for every primary energy we constructed the
distribution of avalanches by the value of W (z, y, x) and found the values
of N.ui, D' and s (Table 1).

TABLE 1

! Rpd tvariant Jrd tavecant
i — .
|

Srd sers | AN series | 3 5esz HB Serss | Jud Jtthl 4"‘.&1@

l /54 arcant

o |30 | 8 | W 83 170 ‘ 87
N bE—t0m . 410 870 | 1620 430 1520 1050
ot 10 14800 | w300 16200 10450 13200 | 12300
D | 14110 | 87100 | 1,62:40° | 9,100 | 1,52.10° l 1,05-10°
s | ] 1,04 ] 1,00 i 1,05 | 0,95 l 1,08

' !

) 0

i
In Ta*le 2 we compilcé tie values of M (x), computed for different variants,
anc tie values of y and B/y, cbtained by way of comparison of the compu-
ted spectra of avalanches for the third and fourth series of ionigation

chambers with the observed ones.

! o~ TABLE 2
;Jzimt L‘a/.:f«r)z.n wy ea sablc 7 : ——— &
i
M (z) | 1,16 1,49 1,07 1,11 1,063 1,121

E<3.10856 ¢  |1,53%:0,041,5140,1 | 1,5140,04{1,564-0,1 |1,444-0,04!1,61+0,1
By |1,66+0,03]1,47+0,10|1,46+0,03! 1,433°0,12| 1,6270,03|1,18+0,10

Miz)| 1,545 3,24 1,19 1,42 1,205 1,75
E>3.40826| 7y | 2,240,2 | 2,3340,2 | 2,240,2 | 2,3%0,2 | 2,140,2 | 2,4+0,02]
By | 14%2 843 14+2 16+5 162 10%3
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Comparing the different variants of the calculation one may notice

that for variants 1 and 3, the energy spectra, obtained from the spectra
of bursts in the third anc fourth series, do not coincide with one another.
Only the variant 2, in which the absence of energetically liberated i - meson
is assumed, and the nonelasticity factor in Pb, equal to 0.5, provide iden-
tical values for Y and B/y by the third and fourth series, iccordingly,
the energy spectrum of nuclear-active particles at Pamir height may be
represented in the form

f(> E) = (1,46 &£ 0,03) (£ / 1012)-151 £ 004 put—1y~2 for E << 3-108 ¢f,

(> E) = (14 £ 2) (E/1017)-22202 pur 132 ¢, E > 3-109 oy
Anélogously the integral enersy svectrum of nuclear-active particles, moving
either without attendance by shower in the air or with nonregistered attend-
ance (N < 300), can be obtained :

foa(> E) = (0,136 = 0,017) (E / 1012)~19 02

12

for 2,5 107 eV <E < 2.5 - 1013ev .

Although the observed magnitude of the avalanche in the lower series of
ionigzation chambers can be induced by nuclear-active particles of various
energy, it may be eventually useful to utilize for the qualitative analy-
sis the apvoroximate relationship between the magnitude of incident particle
energy and the number of electrons in the avalanche, In the interval, of

interest to us, we have for the third series

E = (5,9 £ 0,1) (Nax [ 10*) <102 oV
and for the fourth

E = (10 == 0,9) {Non [ 10¢)055- 1012 €V

It may be seen that in these correlations the relationship factors
are below average, following from Table 1. This distinction is explained
by the influence of the form of the energy spectrum of the observed nuclear-
active particles and by the fluctuations between the magnitude of the ava-

lanche in Pb and the energy of the nuclear-active particle,

*
* *
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4, Interaction and Absorption Mean free Paths of
Hlucleons in the Ltmosphere,

Data on the intensity of the flux of nuclear-active particles at
the depth of 640 g/cm2 may be compared with the intensity of nucleons at
atmosphere boundary and in this way the absorption of nucleons in the -
atnosphere can be determined. If F (>E°, 0) particles with energy > E,
are incident at atmospvhere boundary per unit of so0lid angle, the global

number of suckh particles at observation level will constitute
/2
F(>Ey2)=\ 227 (> E,, O)exp( —

0

x

in0do =
Ancosﬁ)sune
— 2aF (> Eo,0)exp{—z | %) [ (1 2/ hn)s
where A, ic the absorption path of nucleons in the atmosphere. Hence

it follows
An =z /In [28F (> E,,0) [ F(> Eo,z) (1 + z/An) ].

The number of nucleons at atmosphere boundary is determined by the energy
spectrum of the primary cosmic radiation [10] with the accounting of the
relative fraction of nuclei with a different charge in the primary radia-
tion [11]:

F( > 1012 ev, 0) = (3141 66) part~1 n~? sterad™t
1

F( >10%3 eV, 0) = (7.5%1,6) part™> m™2 sterad 1.

Utilizing these values and the above energy spectrum of nuclear-active
640 g/cm2 depth, we shall obtain the values of

the vath for avsorotion:

particles at the

n(> 1026V) = 120 £ 5 g/en?, A (> 107V ) = iZdg joas,
In the atove estimates it was silently assumed, that all the nuclear-acti;E
particles at miuntain heichts are nucleons. Such an assumption is apparently
not justified. However, if we consider even that mr°- mesons constitute 30%
of the total flux of nuclear-active particles at mountain height [121],

the value of nucleon absorption paths varies little :
An (> 1012eV) = 115g [ea?, M (> 101V ) = 119 g/ead.
The free path for the nuclear interaction is determined on the basis of regis-

tration of nuclear-active particles moving without their being atfended by
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an air shower. The absence of accompaniment may be considered as evidenbe
that the given particle passed the atmosphere without a single interaction.
Such particles can be only primary protons , for & -vparticles and heavier
nuclei would inescapably be attended by an air shower. Assume that there
are I&,(:>E° , 0) protons at atmosphere boundary. The number of protons

without shower accompaniment at depth x will be

Fo(> Eo,z) = 2aFp(> Eo,0) exp (—z/4) [ (1+z/}),
where A is interaction path of nucleons in the atmosphere. Hence it follows
that the relative number of particles without attendance will be

1;%;;?:_;)_ = II;,,((>>1€00())) "“p[ - x( i _:')] ( 1+ f’n)/( H'%) :

The path for interaction can be expressed in the form

1 1 AT, Fp(>Ey, 0)F(> Ey, z) (14 2/A)
';.=;.';+ :[ F(> Eo, 0)Fp(> Eo, x) Tl (1 4+ z/A) ]

Substituting the corresponding values, we shall obtain

"<90i55/cmf for E=10% ey
A< 83+58/cn” for E=108 eV

The obtained values of the interaction path for protons in the atmosphere

constitute the upver limit for the minimum registered loss of energy by

a particle in the atmosphere constitutes ~ 5 -1011'ev.

=
* *
5. Relationship between the Energy of a Nuclear-ictive
Particle and the Valus of the Attendine
ower

The apparatus utilized by us allowed to measure simultaneously
the energy of nuclear~active particles, the number of particles in an
extersive air shower and the enerry of the electron=-photon component of
the showers' core. The correlation between these quantities fluctuate
stron-ly from case to case. rresented in Fig, 6 are the integral distri-
butions : a) of the number of particles in an extensive air shower at the

enerry of the electron-photon component of shower's core from 3.5 1011
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to 5.6 - 1011 eV, b) of the energy oi the electiron-photon component of the
shower's core at energy of the nuclear-active component of the core from

4,2 c10%2 to 8.4 »10%° eV, ¢) of the energy of the nuclear-active compo-
nent of the core at total number of particles in the shower from 5 '105 to
1 106 and d) with energy of the electron-photon component of the core in

the interval (1,8 — 3,6) - 1012 ev,
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Fip, 6., a — Integrul distribution of showers by the number of particles

at enercy of the el-ph component of the core = (3.5— 5.6)°10 lev ;

¢ - interral distribuiion of showers by the energy of the el-ph component

of the core at enersy of the nuclear-active particle = (4,2~ 8.4) ‘1012 ev
¢ — interral energy distribution of nuclear-active particles in showers with
a number of particles N = 5105 -10 - 105; 1T - integzél energy distribution

of nnelear-active particles at ES™, = \1-8~ 3,6) - 107“ eV.

Fir, 7. a=— enercgy distribution of nuclear-active particles, generating at

ze level of the 3rd series of ionization chambers an avalanche with N,
particles (second variant of calculation); J - energy dustribution of primary
nucleons arriving at the Pamir level with energy in the interval E - 2E:

). — constant fraction of preserved energy, a =0,5; 2 = fluctuating fraction
of preserved energy, & = 0.5; 6 — distribution of showers, generated by
primary protons with energy 10t eV, by the number of particles at Pamir level
[ 13); 1 - distribution of showers attending at Pamir level a nicleon with
energy E =« 2E : 1 =— showers from primary protons, 2 — showers from primary
nuclei, 3 = showers from primary protons and nuclei, - The relative number

of showers is plotted in ordinates,



For the quantitative analysis we selected the fluctuations of the
total number of particles in an extensiwve air shower for a given value of
the ionigation induced in the lower series of ionization chambers by the
high-energy nuclear-active particles. The observed fluctuations are the
result of conbinations of probable interconnections : between the observed
ionigation and the enercy of the particle having hit the detector of nuclear-
active varticles, fluctuations in the value of the energy of primary nucleon
at atmospvhere boundary, giving a nuclear-active particle of pre-assigned
energy at observation level, fluctuations of the number of particles in an
extensive air shower for a given energy of the nuc eon at atmosphere boundary
on account of fluctuations in the development of the shower and also because
the packing of a part of primary nucleons into « ~particles and heavier nuclei.
The essential ascumption of the computations completed by us consists in the
admission of statistical independence of the above~enumerated fluctuations,
The enumerated distributions are plotted in Fig. 7. The calculation of the
interconnection between the observed ionization and the energy of the nuclear-
active particle (Fie. 7.a) has been discussed at length in the preceding sec-
tion, The distribution of showers by the total number of particles from the
given-enerrsy nucleon was borrowed from the work [13] (Fig.7,¢). In these
calculations the distributions of the number and the place of interaction
of the "lezading" nucleon in the atmosphere are taken into account., It is
assumed that avalanches from fi -mesons have a relatively short path on account
of uniform distribution of energy, lost by the nucleon between the secondary
" = mesons, The composition of the primary cosmic radiation was taken in
correspondence with the exéerimcntal data of [11] in the region of energies

E, < 10%%eV (Table 3).
TABLE 3

p a M H vH

1 A 14 31 L3

Relative number of particles 86 | 13 ! 0,88 0.33| 0.12
of given energy (in%) per nucleon

Relative number of nucleons (in %) 52 31 | 7.5 6.1 | 3.7
1 with ident.encrgy from diff.groups
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During the calculation of showers from nveclei it was estimated that
one of the nucleons of the nucleus, with atomic weight A is registered in
the detector of nuclear-active particles, As to the shower, it is created
by all the A-nucleons, while the fluctuations in the development of such a
shower is A} times smaller than in a shower from a single nucleon of cor-
responding energy. The erergy distribution of primary nucleons (fig. 7,46),

giving at observation level a nucleon with energy E, is determined by the

expression
1,V(E‘(), E)dEo = IV(E’ E”)I(EO) dEo )
( WA(E, Eo) f(Es)dE,
E
Here

F(Eo)dEy = BEVHE,

is the energy spectrui of the primary nucleons

ti
W(E,Eo) = ™=

is the probability that the primary nucleon of energy E, creates at depth
t nuclear paths of nucleons with energy E = al Eo with a fraction «a of
energy preserved in the interaction. The calculation was completed at dif-
ferent assumptions as regards the quantities «, Y and the length of the
free path for the nuclear interaction.

Comparison of experimental data with the computed combined effect
of the enumerated causes of fluctuations of the correlation between the
energy of the observed nuclear-active particle and the magnitude of the
sxtensive air shower is made in Fig, 8. For nuclear-active particles with

energy (1e¢3 = 2,6) o 1012 ev

the calculation agrees well with experiment.
Tor nuclear-active particles of great energy there exists an obvious dis-
crepancy between the calculation and the e:iperiment, T*is result does not
depend on whether a constant value ® = 0,5 is taken for the fraction of
conserved energy, or it is estimated that a may have two values: & = 0,2
and a =0,8 at Q= Ce5. e analyzed different assumed causes of discrepancy
between the calculetion and tae data of the experiment.

The variation of spectrum index of primary cosmic radiation Yy in
the energy region £,=10" eV cannot be manifest in our experiments. Ve

assumed that the spsctrum index of primary nucleons Y varies from Y = 1,5
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Fige. 8. Distribution of showers, accompanying at Pamir height

a nuclear-active particle with energy E, by the number of par-
ticles : a=E = (1.,3= 2.6) +1012eV, S§— E =(2.6~ 5.2) 10l2¢v
€ — E =(5,2~ 10.4).1012 eV, v - E= (1.04—2,08) 10L3ev;
listogram : experimentesl data, dashes = calculation for a constant
fraction of couserved energy o= 0.5; stroke-dashes — computation
for a fluctuating fraction of conserved energy, & = 0.5.

Tige 9, = Distribution of showers attending nuclear-active particles
vith energy (2.6« 5.,2).1 eV at Pamir level, by number of par-
ticles: 1 — experirmentsl data, 2 = computation at constant fraction

of conserved enersy, dependent upon the energy of the nucleon E (in

? end 3 — all the nuclear-active perticles at Pamir level are nucleons)
4 - czlculation at constant fraction of conserved energy, @ =0.5 (70%

of nuclear-active particles st Pamir level are nucleons and 30 percent

are '(. -MESONG.
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to Y=2.0 at energy Eo = 3 - 1013 eV, that is, at such energy, at which

a variation is observed in the spectrum of nuclear-active particles at
mountain heights, However, calculation has shown that such an assumption
increases still further the discrepancy between the experiment .nd the cal-
culation., Subsegquently, the contribution of net - mesons to the flux of
nuclear-active particles observed at mountain level was takem into account,
and it was tested how the character variation of an elementary event can
influence, namely that in cvnnection with analysis of the data on extensive
air showers considered earlier. VVhen computing the interrelation between

the energy of the X —meson observed at mountain level with the energy of the
primary nucleon at atmospiherec boundary, only ﬂt’-mesons formed by nucleons
were taken into account., At the same time it was estimated that the contri-
bution of the #¥ -mesons generated by ** _mesons could be neglected, The
spectrum of ¥ -mesons, generated in an elementary event, was taken in the
form dE/E® within the interval from Epin t© Emax o The value of Epay

was estimated equal to (1 - ®) Enuel » and Emin was determined from the
norzalization of the above spectrum to total energy, transferred by X - mesons,
and of the total number of N -mesons in the acts or events observed in pho-
toemulsion at correspondins enercies. The pattern of elementary event varia-
tion at 3 .1013 eV was taken in the following form: for energy < 3- 1017 .y
the fraction of conserved energy is &« = 0.,5; the nucleons with energy above
3 . 1012 eV conserve the fourth part of energy ( @ = 0.25), and at the same
time the fourth part of energy goes to the formation of R -mesons and half
of the energy is transferred toa single "-quantum. It mey be seen in Fig, O
that both, the accounting of X -mesons and the variation of the pattern

of the elementaryv event, imrove the sagreement of the caloulation with the

exveriment.

CONCLUSION

The interactions of nucleons with nuclei are best of all investi-
gated in accelerators and in the region of energy adjacent to accelerating.

The generally admitted energy pattern of the elementary event can be described
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as follows : the incident nucleon conserves at collision with a light
nucleus nearly half of its energy, as an average; the erergy spectrum

of varticles forming in the collision is, as a whole, quite hard: thus,
particles are encountered, the energy of which is of the same order as

that .of the incident particle, The above-described experimental data fit
well such a scheme of nucleon interaction with nitrogen and oxygen nuclei
when the energy of the incident nucleons is less than (1 4+ 3) 1017 ev.
The effective cross section for the nonelastic collision corresponding

to the observed free path at 1082 eV in the air A= 90 g/cmz, does not
differ from the value of the cross section obtained for an energy—leloeV
on the accelerator. Up to what energzies of the incident nucleon are such
characteristics of the elementary event preserved ? The theory of complex
orbital moments forécasts the increace of the effective cross section for
the nonelastic interaction of nucleons with nuclei at transition from
energies of 1ol°ev to 1015ev. The decrease of the free path of primary
nucleons with energy near 1013 eV , obtained in our measuremernts, does

not emerge beyond the limits of statistical errors when compared with
nucleons of lower enercies. The experimental indications on the variation
in the elementary event were obtained during studies of extensive air
showers and at measurements of the energy spectrum of Y -quanta in the
upprer part of the atmosphere with the aid of photoemulsions. The data on
extensive air showers pointed to the necessity of changing the characteris-
tics of the elementary event in the energzy interval of primary particles,
1004 — 101%ev [14]. The varistion of the energy spectrum of Y - quante

in the upper part of the atmosphere was observed for emercy a:lolaeV [15].
This corresponds to energy of primary nucleons E°'>-1O¥3ev. However, these
ectimertes of the enerrv of vrimary particles, at which some peculiarities
are obeerved, do not contradict one another, for at formation of extensive
air showers primary nuclei play a great role: for them the energy E°:>103}
eV corresvonds the energy ~v1013eV on a single nucleon of the nucleus.

The analysis of the distribution of extensive air showers by the total
nunber of particles, described in the present work, when these shovers are

accompanying nuclear-active particles of given energy for the energy region



2l.

E >3 -1012eV, leads to the assumption of the change in the pattern of

the nucleon collision event with nuclei of air atoms at incident nucleon
energy E°:>1013eV.The character of such a change is the same as the one
that allowed to explain the peculiarities of the energy spectrum of Y =-quanta
in the upper atmosphere [16] and the data on extensive air showers with

a number of particles 101*--106 [14]. This change of the event must lead
to the increase of energy transfer to the electron-photon component, to

a creater fractionation of energy of the primsry nucleon between secondary

particles.

An alternate explanation of our data on the spectrum of extensive
air showers, attending nuclear-active particles of given energy at mountain
level could be souzht in the assumption of sharp variation in the composi-
tion of primary cosmic radiation at E,= 10" eY toward significant prevailing
of primary nuclei and a nearly total absence of protoms. However, compari-
son of data on the fluctuations of the Cerenkov radiation and of the number
of fL-mesons in extensive air showers with the results of the study of the

composition of primary cosmic radiation by means of balloons and rockets

points to the constancy of the composition in a broad interval of energies
from 101%to 106 ev [10].

**#x THE END sxxx
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